The origin of the 2.66 ppm offset
Note that the default referencing on Bruker spectrometers is to TMS whereas biomolecules should be referenced via the absolute 1 H frequency of DSS multiplied by the ratio 0.251449530 yielding the absolute 13 C frequency of DSS that is set to 0 ppm (Markley et al. 1998 Step-by-step procedure for indirect 13 C referencing with the Bruker software Topspin A small amount of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) is added to the sample resulting in a concentration of 0.2-2 mM and a 1 H-1D spectrum is recorded in order to determine the absolute frequency of the DSS methyl resonance. If addition of DSS is undesirable for whatever reason, DSS signal of the Bruker standard sample 2 mM Sucrose/0.5 mM DSS in H 2 O/D 2 O can be used as external reference. This is a reasonable alternative since RNA samples are typically measured without salt or at very low buffer concentrations so that the conditions are comparable to the sucrose sample. The 1D spectrum is referenced in Topspin by the command 'cal', selecting 'manual calibration' and setting the DSS signal to 0 ppm. Topspin stores then the absolute frequency of the DSS signal under the parameter SF displayed with the command 'edp'. This value should be the sum of the basis frequency BF1 and the spectrum reference frequency SR. The absolute standard frequencies for the indirect dimensions are calculated from the SF ( 1 H) by multiplying with the recommended factors for indirect referencing (Markley et al. 1998; Wishart et al. 1995) . SF ( 13 C) is then SF ( 1 H) multiplied by 0.251449530. Any spectrum recorded under the same conditions can now be referenced by the command '1s sf' which displays the SF values of all dimensions that can now be edited. This way the spectrum reference frequency SR is set automatically. Note that it is important that the external reference must be measured at the same temperature and locked to the same solvent as the spectrum that is being calibrated.
Step-by-step procedure for indirect 13 C referencing with Varian software A 1 H-1D spectrum containing a DSS methyl signal (see in the above Bruker section) is used to extract the absolute 1 H frequency of 0 ppm, 0 ( 1 H). The cursor is set on the DSS signal and the transmitter offset 'tof' is temporarily set to this position using the command 'movetof'. The command 'spcfrq' gives then the absolute 1 H frequency corresponding to 0 ppm. In addition the absolute frequencies of the decoupler channels are given corresponding to the decoupler offsets dof, dof2, dof3. The absolute 13 C frequency corresponding to 0 ppm is calculated by the recommended factor for indirect referencing ( 0 ( 13 C) = 0 ( 1 H) 0.251449530) (Markley et al. 1998; Wishart et al. 1995) . C assignments of the bases (including C5) were derived from a 13 C-HSQC spectrum optimized for the aromatic region (offset 145 ppm, spectral width 30 ppm) which was mis-calibrated by 4.0 ppm. The ribose 13 C assignments originated from a 3D 13 Cedited NOESY which was mis-calibrated by 0.4 ppm. The 13 C C5 assignments were mis-calibrated by 1.7 ppm. Interestingly after calibrating the chemical shifts to DSS, all the reference values lie in the very narrow ranges that we received by measuring the RNA stem-loop TASL2 under different conditions. n) Chemical shifts shifted by ~ 2.2 ppm. o) C8 resonances are shifted by ~ 2.7 ppm. No clear systematic offsets detected for the other atom types. p) Origin off the unexpected C3 reference value not clear. C5, C6 and C8 resonances are not assigned. Therefore we cannot validate the reliability of the data. q) All C5 shifts are systematically shifted by around 2.7 ppm. Here we assume improper calibration of the 13 C spectrum of the C5 chemical shifts. The C1 reference value is only 0.3 ppm out of the expected range and other C1 seem as well to have only a slight tendency towards too small values. r) All C5 shifts are shifted by around 2.0 ppm (Fig. 5) . s) One reference value slightly too low. t) Sugar shifts seem to be correct. The origin of the inconsistency of the other reference values is unclear. u) 13 C chemical shifts were originally referenced to external 1 % dioxane at 67.8 ppm. Since 1 % dioxane was reported to resonate at 69.3 ppm in regard to DSS as reference, we shifted the values by the difference of 1.5 ppm. v) Resonances shifted by ~ 1 ppm.
